Abstract. The present study was undertaken to determine optimal conditions for parthenogenetic activation and subsequent development of rat oocytes. Oocytes from immature Wistar-Imamichi (WI) and Sprague Dawley (SD) rats were activated by electrical stimulation in combination with 6-dimethylaminopurine (6-DMAP) to assess whether different rat strains display different responses to activation treatment. Since the cleavage rates of activated oocytes were significantly higher in WI than SD strain rats, WI rats were used for the subsequent experiments to determine the effects of post-hCG time, culture duration, different activation protocols (electrical stimulation with 6-DMAP or ionomycin with 6-DMAP) and osmolarity of the activation medium on the activation and subsequent development of WI rat oocytes. For oocytes activated by electrical stimulation combined with 6-DMAP, the percentages of oocytes that were activated and that developed to blastocysts were higher when oocytes were collected at 18-20 h than at any other time points after hCG injection (16, 22-24 h). Culturing for 2-6 h before activation treatment markedly decreased the percentage of activated oocytes that developed to beyond the four-cell stage. There were no differences in the percentages of oocytes with pronuclear formation and subsequent development to the two-cell and blastocyst stages between oocytes that were activated by electrical stimulation or ionomycin, both followed by 6-DMAP treatment. Activation of oocytes by ionomycin and 6-DMAP, both in low osmolarity media (246 mOsM), markedly increased the cleavage rates and percentages of high quality blastocysts (71%). The optimal conditions determined in the present study with simplified activation protocols and high efficiency of activation and subsequent development of WI rat oocytes will be helpful for further research involving nuclear transfer in the rat.
success rates of producing clone animals by nuclear transfer are still very low. Since activation of the recipient oocyte is a crucial step in successful nuc lear transfer techniques [8 ] , inco mplete activation of reconstructed embryos may in part be responsible for the difficulty of rat nuclear transfer. At present, the available information regarding parthenogenetic activation of rat oocytes is limited. Zernicka-Goetz (1991) reported that rat oocytes could be activated in vitro by chloral hydrate and puromycin, but subsequent development beyond the four-cell stage was not observed even if activated embryos were transplanted into ligated oviducts of female mice [9] . Our recent results showed that 50% of rat oocytes developed to blastocysts when activation was induced by e l e c t r i c a l s ti m u l a t i o n c o m b i n e d w i t h 6 -dim ethylaminopurine (6-DMAP) treatment. However, the quality of these blastocysts was poor in terms of morphology and the cell number was low (26.9 ± 1.9), ranging from 22 to 36 [10] . A more recent study showed that Wistar rat oocytes could be activated by electrical stimulation, ethanol or strontium treatment. However, the efficiency of blastocyst formation was low (12.1-29.6%) and dramatic variations existed among individual rats in the efficiency of parthenogenetic activation of oocytes and developmental ability of the resulting embryos [8] . These results suggested that research into parthenogenetic activation of rat oocytes was insufficient, and further investigation was needed.
In the present study, to determine the optimal conditions for parthenogenetic activation and subsequent development of rat oocytes, we first assessed the differences of the responses of oocytes from Wistar-Imamichi (WI) and Sprague Dawley (SD) rat strains to activation treatment by electrical stimulation in combination with 6-DMAP. Since the cleavage rates of activated oocytes were significantly higher in the WI than the SD strain, oocytes of WI rats were then used for experiments to determine the effects of post-hCG time, culture duration, different activation protocols (electrical stimulation with 6-DMAP or ionomycin with 6-DMAP) and osmolarity of the activation medium on activation and subsequent development. Our results showed that one the activation procedures used here was simple yet effective, as indicated by hig h perc ent a ges o f bla s to c ys ts w ith go od morphology and large cell numbers.
Materials and Methods

Preparation of animals
WI and SD rats were housed in a room at a controlled temperature of 24 ± 2 C and humidity of 65 ± 5% with lights on at 6:00 and off at 18:00. Animals were given bullet-type commercial rat feed [High Pure Ace (P), Itochu Co., Ishinomaki, Japan) and tap water ad libitum, as described previously [10] . The studies were approved by the Ethics Committee for Care and Use of Laboratory Animals for Biomedical Research of the Graduate School of Agricultural Science, Tohoku University.
Oocyte collection
Sexually immature WI and SD female rats (25-40 days old) were injected intraperitoneally with 10 IU of equine chorionic gonadotrophin (eCG, Teikoku Hormone Mfg, Co., Ltd., Tokyo) followed by intraperitoneal injection of 10 IU of hCG (Sankyo Kabu Company, Tokyo) 48-52 h later. Animals were sacrificed by cervical dislocation 16-26 h after a d m i n i st r a t i o n o f h C G i n t h e i n d i c a t e d experiments. Cumulus-oocyte cell complexes (COCs) were collected by cutting the oviducts in PBS (-) supplemented with 1 mg/ml fatty acid-free BSA (Sigma Chemical Co., St. Louis, MO) and treated with 0.1% (w/v) hyaluronidase (Sigma). After three washes with fertilization medium [mR1ECM [11] [12] [13] containing 110 mM NaCl (Wako Pure Chemical Industries Ltd, Osaka Japan) and 4 mg/ml BSA (fatty acid-free, No. A-6003, Sigma) and omitting polyvinylalcohol], oocytes were transferred to 100 µl of fertilization medium.
Oocyte activation by electrical stimulation combined with 6-DMAP
Oocytes were activated as described previously [10] . Briefly, after washing, oocytes were placed between two wire electrodes (1 mm apart) on a fusion chamber slide with 30 ml of activation solution containing mannitol, 0.1 mM CaCl 2 , 0.1 mM MgSO4 (all from Wako) and fatty acid-free BSA (Sigma). A DC pulse of 100 V/mm was then applied to the oocytes twice at intervals of 1 sec for a dur ation of 99 µ sec . A fter the el ect ric al stimulation, the oocytes were treated in fertilization medium containing 2 mM 6-DMAP for 4 h. After activation, the oocytes were transferred to 100 µl of fertilization medium and cultured for 22-24 h. They were then transferred to mR1ECM medium and culturing was continued under 5% CO2 in air at 37 C.
Experimental design
Experiment 1 was designed to test the response of oocytes from two rat strains to the activation treatment applied. Oocytes were collected from WI and SD rats 18 hours after hCG injection, and activated by electrical stimulation combined with 6-DMAP as described above. The oocytes were then cultured in fertilization medium for 22-24 h and in mR1ECM medium for a further 4 days. Three replicate experiments were performed. Based on the results of this experiment, oocytes of WI rats were used for the subsequent experiments.
Experiment 2 was conducted to test the effect of post-ovulation duration on parthenogenetic activation of rat oocytes in vitro. Oocytes from WI rats were collected 16, 18, 20, 22, 24 or 26 h after hCG injection and subjected to parthenogenetic activation by electrical stimulation in combination with 6-DMAP as described above. Activated oocytes were transferred to fertilization medium and c ultur ed for 22-24 h. T hey wer e then transferred to mR1ECM drops and culture was continued. Five replicate experiments were performed.
Experiment 3 was designed to test the effect of culture duration on parthenogenetic activation of rat oocytes. Before activation, oocytes were cultured in fertilization medium for 0, 2, 4 or 6 h after collection. Then they were activated by electrical stimulation in combination with 6-DMAP as described above. After activation, the oocytes were transferred to fertilization medium and cultured for 22-24 h. They were then transferred to mR1ECM medium and culture was continued. Three replicate experiments were performed. E x p e r i m e n t 4 w a s d e s i g n e d t o t e s t t h e development of oocytes activated by electrical stimulation or ionomycin in combination with 6-DMAP. Based on the results of experiments 2 and 3, oocytes were collected 18 h after hCG injection and activated immediately by electrical stimulation or incubation in fertilization medium containing 5 µM ionomycin (Sigma) for 5 min, both followed by treatment in fertilization medium containing 2 mM 6-DMAP for 4 h. Then they were cultured in fertilization medium for 22-24 h and in mR1ECM for a further 4 days. Three replicate experiments were performed.
Experiment 5 was designed to test the effect of the osmolarity of the activation medium on the activation and development of oocytes activated by ionomycin in combination with 6-DMAP. Rat oocytes were activated as follows: 1) ionomycin (5 µM, 5 min) and 6-DMAP (2 mM, 4 h), both in m R 1 E C M m e d i u m ( m R 1 E C M + 1 1 0 m M NaCl+PVA, 310 mOsM) and culture in fertilization medium (mR1ECM+110 mM NaCl+BSA, 310 mOsM); 2) ionomycin and 6-DMAP, both in m R 1 E C M m e d i u m ( m R 1 E C M + 1 1 0 m M NaCl+PVA, 310 mOsM) and culture in mR1ECM medium (mR1ECM+76.7 mM NaCl, 246 mOsM) after activation; 3) ionomycin in mR1ECM medium (310 mOsM) and 6-DMAP in mR1ECM medium (246 mOsM) and culture in mR1ECM medium (246 mOsM) after activation; 4) ionomycin in mR1ECM medium (246 mOsM) and 6-DMAP in mR1ECM medium (310 mOsM) and culture in mR1ECM medium (246 mOsM) after activation; and 5) io no my cin a nd 6-DM AP, bot h in m R 1 EC M medium (246 mOsM) and culture in mR1ECM medium (246 mOsM) after activation. Three replicate experiments were performed.
Statistical analysis
All data are presented as the mean ± SEM. Data in Tables 1 and 4 were analyzed by student's t-test and others by ANOVA followed by Fisher's Least Significant Difference test as a multiple-comparison test after arcsine transformation. Differences with P<0.05 were considered statistically significant.
Results
Experiment 1. Effect of rat strain on parthenogenetic activation of rat oocytes in vitro
Although there was no significant difference between Wistar-Imamichi and SD strains in the percentages of oocytes activated by electrical s t i m u la t io n in c o m b in at i o n w it h 6-D M A P treatment and developed to pronuclei (PN), the t wo -c ell, fo ur-c ell, and mo r ula s t ag es, t he percentage of activated oocytes that developed to the blastocyst was significantly higher in the Wistar-Imamichi rats than in the SD strain (P<0.05, Table 1 ).
Experiment 2. Effect of post-ovulation duration on parthenogenetic activation of rat oocytes in vitro
When oocytes were collected 18, 20, 22, 24 or 26 h after hCG injection, the percentages of activated oocytes with PN were significantly higher than when they were collected 16 h post-hCG. The percentages of activated oocytes that developed to the two-cell and blastocyst stages were higher when oocytes were collected at 18 and 20 h than at other time points after hCG injection (P<0.05, Table  2 ).
Experiment 3. Effect of culture duration on parthenogenetic activation of rat oocytes
As shown in Table 3 , culturing the oocytes in fertilization medium for 0-6 h before activation treatment did not affect the activated oocytes that developed to pronuclei and the two-cell stage. However, the percentages of activated oocytes that developed to the four-cell, morula and blastocyst stages were significantly higher when oocytes were subjected to activation treatment immediately (0 h).
Experiment 4. The development of oocytes activated by electrical stimulation or ionomycin treatment in combination with 6-DMAP
There were no significant differences in the percentages of activated oocytes with PN and those developed to the two-cell, four-cell, morula and bl a s t o cy s t s t a g es be t w ee n t w o t r ea t m en t s (ionomycin with 6-DMAP vs electrical stimulation with 6-DMAP) ( Table 4) . Table 5 shows that culturing activated oocytes in fertilization medium for 22-24 h (310 mOsM) after a c t i v a t i o n d i d n o t i m p r o v e s u b se q u e n t development (Groups A and B). Therefore, oocytes were cultured directly in mR1ECM culture medium (246 mOsM) for development after activation of the C-E treatment groups. After treatment with ionomycin, culturing oocytes in 6-DMAP solution with low osmolarity (246 mOsM) significantly increased the percentages of activated oocytes that developed to the two-cell and four-cell stages, but not the percentages that developed to morula and blastocysts (Group C). Activation of oocytes in ionomycin solution with low osmolarity (246 mOsM) did not affect the cleavage rates (Group D). However, treatment of oocytes with ionomycin and 6-DMAP, both in low osmolarity solutions (246 mOsM), markedly increased the percentages of activated oocytes that developed not only to the two-to four-cell stages, but also to blastocysts (Group E, P<0.05). The treatments of this group also improved the quality of blastocysts, resulting in good morphology and large cell numbers (42.8 ± 2.4, Fig. 1 ).
Experiment 5. Effects of osmolarity of activation medium on parthenogenetic activation and subsequent development of rat oocytes
Discussion
The results of the present study show that oocytes from WI and SD rat strains respond differently to activation by electrical stimulation in combination with 6-DMAP treatment. In addition, t h e o p t i m a l c o n d i ti o n s d e t e r m i n e d f or parthenogenetic activation and subs equent development in WI rats are as follows: oocyte collection 18 h post-hCG injection, and immediate subjection to activation treatment by ionomycin (5 µM, 5 min) in combination with 6-DMAP (2 mM, 4 h), both in low-osmolarity mR1ECM, followed by and direct culture in culture medium R1ECM for subsequent development. These conditions made the activation procedure simple and efficient, as indicated by the high rate of development of blastocysts with good morphology and large cell numbers. Genetic background affects parthenogenetic activation in mice [14, 15] . A study using several rat strains showed that the developmental potential in culture (mR1ECM) of fertilized rat eggs is straindependent. A larger proportion of fertilized 1-cell embryos (76%) from outbred SD rats developed to the blastocyst stage than those (0-12%) from inbred strains, including WF, LEW, F544, PVG [3] . These findings suggest that genetic background in rats also affects the oocyte response in vitro. In fact, the finding of Kato et al. (2001) showed that oocytes from Wistar and SD rats had different responses to parthenogenetic activation induced by strontium treatment. When oocytes from SD or Wistar rats were incubated with 1.25 mM strontium for 6 h, the oocytes from the SD strain were less sensitive to the strontium treatment than the oocytes from the Wistar strain (survival rate 99 vs 87%). The overall activation efficiency for SD oocytes was higher than that for Wistar oocytes (74 vs 45%) [6] . However, the results of the present study indicate that although there was no difference in the percentages of activated oocytes with pronuclei between SD and WI rats (95 vs 98%), blastocyst formation rates were markedly higher in the WI than in the SD strain when oocytes were activated by electrical st i m ul at i on in c o m bi n at i on w i t h 6 -D M A P t r e a t m e n t . T h e s e f i n d i n g s s u g g e s t t h a t pa rtheno genetic a ctiva tio n a nd s ubsequent development of rat oocytes are dependent not only on genetic background, but also on the treatment procedures applied.
Parthenogenetic activation of oocytes depends on age and species. It has been shown that aged oocytes are more sensitive to activation treatment in vitro in mice [16] , cows [17, 18] and rabbits [19] . Although aged and young porcine oocytes after activation had the same developmental potential in vitro [20] , the developmental ability of activated bovine oocytes decreased with the age of the oocytes [17] . Information on the effect of oocyte age on the response to activation treatment in the rat is very limited. A study in Wistar rats [8] showed that the use of ethanol for parthenogenetic activation was highly effective only for aged oocytes (22-2 4 h after hCG). However, the efficiencies of activation and cleavage rate were equal for all ages of oocytes when they were treated with strontium [8] . The results of the present study show that when WI rat oocytes were activated by electrical stimulation followed by 6-DMAP, higher percentages of treated oocytes developed to the two-cell and blastocyst stages when oocytes were collected at 18 or 20 h than at other time points after hCG injection (P<0.05). Ovulated rat oocytes have been reported to become activated spontaneously during in vitro culture [6, 21] . This specific characteristic may affect the results of the activation treatment in vitro. A recent study indicated that SD rat oocytes ac tiv ated 10 m in or 2 h follo w ing cer vi cal dislocation showed higher blastocyst development than those of the 4 and 6 h groups [22] . Our results using WI rat oocytes in the present study show that although there was no difference in the percentages of activated oocytes with pronuclei, the ability to d e v e l o p t o t h e b l a s t oc y s t s t a g e d e c l i n e d significantly as the culture duration before activation was increased. A significantly higher percentage of blastocysts (60.5%) was obtained when oocytes were immediately subjected to activation treatment (0 h) than when they were cultured for 2-6 h after collection (8.7-36.2%, P<0.05). These results suggested that timing of activation might be an important factor in rat clone production.
In a previous study, we reported that the combination of electrical stimulation with 6-DMAP markedly improved parthenogenetic activation and subsequent development of rat oocytes to the blastocyst stage in vitro [10] . However, the percentage of blastocysts developed from activated rat oocytes wa s still low and the quality of blastocysts obtained was poor. In an attempt to simplify the activation procedure and improve the activation efficiency and quality of blastocysts in the present study, we compared two protocols for inducing oocyte activation. Our present results show that the cleavage and blastocyst formation rates tended to be higher when oocytes were activated by ionomycin combined with 6-DMAP treatment than by electrical stimulation combined with 6-DMAP treatment although there were no significant differences between the two treatments. Based on these results and the fact that it is much simpler to treat oocytes with ionomycin than electrical stimulation, ionomycin combined with 6-DMAP treatment was used to determine the effect of the osmolarity of the activation medium on parthenogenetic activation and subs equent development of WI rat oocytes. It has been reported that the osmolarity of the medium influenced in vitro fertilization and subsequent development of rat oocytes. High osmolarity (310 mOsM) in the medium resulting from an elevated sodium chloride concentration (110 mM) improved pronuclear formation and subsequent development when rat oocytes were fertilized in vitro [11] . In c o n tr as t, th e r es ul ts of t he p r es en t s tu d y demonstrate that a markedly higher percentage and quality of blastocysts were obtained when rat o o c y t e s w e r e a c t i v a t e d b y i o n o m y c i n i n combination with DMAP, both in low-osmolarity (246 mOsM) medium (69%), than in any other group (23-35%, P<0.05). It has been reported that rat parthenogenetic blastocysts had mean cell numbers as low as 24.9 [8] to 26.9 [10] . The mean cell number of blastocysts (42.8) obtained in the present study was much higher than those of previous reports, and is comparable with those of blastocysts developed from fertilized oocytes cultured in vitro (45.8 ± 3). In addition, similar results with high percentages of oocytes developed to the blastocyst stage were obtained when activation was induced by ionomycin, DMAP and cytochalasin B (for diploidization) (data not shown).
In conclusion, we have developed a simple and effective method for inducing parthenogenetic activation of WI rat oocytes, which resulted in a much higher percentage and quality of blastocysts obtained than has been previously reported. These findings may be helpful for nuclear transfer in rats.
